Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant or digenic disorder linked to derepression of the toxic DUX4 gene in muscle. There is currently no pharmacological treatment. The emergence of DUX4 enabled development of cell and animal models that could be used for basic and translational research. Since DUX4 is toxic, animal model development has been challenging, but progress has been made, revealing that tight regulation of DUX4 expression is critical for creating viable animals that develop myopathy. Here, we report such a model -the tamoxifen-inducible FSHD mouse model called TIC-DUX4. Uninduced animals are viable, born in Mendelian ratios, and overtly indistinguishable from WT animals. Induced animals display significant DUX4-dependent myopathic phenotypes at the molecular, histological, and functional levels. To demonstrate the utility of TIC-DUX4 mice for therapeutic development, we tested a gene therapy approach aimed at improving muscle strength in DUX4-expressing muscles using adenoassociated virus serotype 1.Follistatin (AAV1.Follistatin), a natural myostatin antagonist. This strategy was not designed to modulate DUX4 but could offer a mechanism to improve muscle weakness caused by DUX4-induced damage. AAV1.Follistatin significantly increased TIC-DUX4 muscle mass and strength even in the presence of DUX4 expression, suggesting that myostatin inhibition may be a promising approach to treat FSHD-associated weakness. We conclude that TIC-DUX4 mice are a relevant model to study DUX4 toxicity and, importantly, are useful […] 
Introduction
Facioscapulohumeral muscular dystrophy (FSHD) is a complex genetic disorder affecting up to 870,000 people worldwide (1) (2) (3) (4) . FSHD typically arises in young adulthood, and most patients develop clinical features in the second or third decade of life (1) . Classical FSHD presentation includes progressive weakness in muscles of the face, shoulder-girdle, upper arms, and lower legs, although there may be wide variability in muscles affected, clinical severity, rate of progression, and age-at-onset (5) . Patients also often describe myopathic pain (1) . There is a critical need for FSHD therapies, but to our knowledge, no effective pharmacological treatments currently exist that slow progression or improve muscle strength.
There are 2 clinically indistinguishable forms of FSHD, called FSHD1 and FSHD2. The majority of cases (~95%) are classified as FSHD1, while the remainder are classified as FSHD2 or show typical FSHD presentation but are not yet genetically characterized. Stated simply, both forms of FSHD are caused by derepression of the toxic DUX4 gene (6) (7) (8) (9) . The DUX4 open-reading frame is encoded within D4Z4 repeats located on the human chromosome 4q subtelomere. Humans may have different copy numbers of D4Z4 repeats on both 4q alleles. D4Z4 arrays larger than 10 in number are typically embedded in heterochromatin, and as a result, the DUX4 gene located in each repeat is suppressed (10) . FSHD1 is caused by a congenital reduction in the number of D4Z4 repeats on 1 allele (1-10 D4Z4 copies), which in turn disrupts the Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant or digenic disorder linked to derepression of the toxic DUX4 gene in muscle. There is currently no pharmacological treatment. The emergence of DUX4 enabled development of cell and animal models that could be used for basic and translational research. Since DUX4 is toxic, animal model development has been challenging, but progress has been made, revealing that tight regulation of DUX4 expression is critical for creating viable animals that develop myopathy. Here, we report such a model -the tamoxifen-inducible FSHD mouse model called TIC-DUX4. Uninduced animals are viable, born in Mendelian ratios, and overtly indistinguishable from WT animals. Induced animals display significant DUX4-dependent myopathic phenotypes at the molecular, histological, and functional levels. To demonstrate the utility of TIC-DUX4 mice for therapeutic development, we tested a gene therapy approach aimed at improving muscle strength in DUX4-expressing muscles using adeno-associated virus serotype 1.Follistatin (AAV1.Follistatin), a natural myostatin antagonist. This strategy was not designed to modulate DUX4 but could offer a mechanism to improve muscle weakness caused by DUX4-induced damage. AAV1.Follistatin significantly increased TIC-DUX4 muscle mass and strength even in the presence of DUX4 expression, suggesting that myostatin inhibition may be a promising approach to treat FSHD-associated weakness. We conclude that TIC-DUX4 mice are a relevant model to study DUX4 toxicity and, importantly, are useful in therapeutic development studies for FSHD.
epigenetic silencing of the region. FSHD2 results from mutations in chromatin modifier genes (SMCHD1, DNMT3B) that also lead to epigenetic derepression of D4Z4 repeats (8, (10) (11) (12) (13) (14) (15) (16) (17) . In both instances, the DUX4 gene can be transcribed into DUX4 mRNA. However, reduced epigenetic silencing of DUX4 is not sufficient to give rise to FSHD because the individual repeats lack polyA signals to stabilize DUX4 transcript (10) . Inheritance of a specific chromosomal background -called 4qA, which contains an additional untranslated exon harboring a noncanonical polyA signal (called the pLAM region), located adjacent to the last repeat -is required to cause FSHD (18) . The pLAM region contributes a polyA signal to the last DUX4 copy. Thus, if DUX4 transcription occurs on the 4qA haplotype, the full-length DUX4 transcript located nearest the telomere is stabilized and translated into DUX4 protein, which is toxic to muscle (10) .
The emergence of DUX4 derepression as an underlying pathogenic event in FSHD was momentous for the field because it allowed for development of cell and animal models, which are essential tools for therapeutic studies. Numerous important models created during the past decade revealed the toxic nature of DUX4 and demonstrated that tight temporal and cell-type regulation was required to produce viable animals (19) (20) (21) (22) (23) (24) (25) (26) . The earliest such model (iDUX [2.7] ) was particularly instructive, as it demonstrated that even barely detectable amounts of leaky DUX4 expression might be sufficient to cause embryonic lethality or produce phenotypes not typically associated with a muscular dystrophy, such as alopecia, runting, and hyperactivity (25) . With these lessons in mind, several years ago, we set out to generate an FSHD-like mouse model that (a) contained a single copy of a human DUX4 gene at a defined, epigenetically open locus and (b) employed a Cre-recombinase inducible system to regulate DUX4 expression as tightly as possible.
Here, we report the generation and extensive characterization of such a model: the tamoxifen (Tam) inducible Cre-DUX4 (TIC-DUX4) mouse line. In line with our goals, this system permits temporal and spatial DUX4 expression control, and TIC-DUX4 animals treated with Tam develop numerous DUX4-driven myopathic phenotypes at the molecular, histopathological, and functional levels. Phenotypes are Tam-and DUX4-dose responsive. Here, we extensively characterized this DUX4-induced phenotype in several muscle groups and untreated control mice at a broad age range (8 weeks-1.5 years). We developed a Tam dosing strategy that permitted long-term study of low DUX4 expression and more slowly progressive disease, which is amenable to testing outcome measures in FSHD therapeutic strategies in vivo. Toward this end, we tested an adeno-associated virus serotype 1.Follistatin (AAV1.Follistatin) gene therapy approach that improved whole muscle strength in TIC-DUX4 mice even in the presence of DUX4. Our data provide proof-of-principle supporting the use of this myostatin-inhibition therapy to treat muscle weakness caused by DUX4 expression, even in the absence of DUX4-modulating therapies, and validate the utility of the TIC-DUX4 mouse model as a suitable tool to test such therapies.
Results
Generation of viable TIC-DUX4 mice. Our goal was to generate an FSHD-like mouse model containing a single copy of an inducible DUX4 transgene at a defined locus. To accomplish this, we designed a targeting construct and inserted a single DUX4 ORF (exon 1), including the downstream 3′ UTR and polyA (pLAM) regions (introns 1 and 2 and exons 2 and 3), into the ROSA26 locus using traditional homologous recombination technology ( Figure 1A ) (27) . To facilitate DUX4 protein detection, we added an in-frame V5 epitope tag to the DUX4 COOH-terminus. To prevent the endogenous ROSA26 promoter from driving unregulated DUX4 expression, our targeting construct also included a Neomycin-resistance (Neo-resistance) cassette flanked by LoxP sites upstream of the DUX4 ORF ( Figure 1A ). We were uncertain about the efficiency of the noncanonical endogenous DUX4 poly-adenylation signal (PAS) (ATTAAA) located in DUX4 exon 3, so we included a second PAS sequence (the canonical bovine growth hormone [BGH] PAS -AATAAA) downstream of the DUX4 3′ UTR.
Following transfection of the targeting construct into mouse embryonic stem (ES) cells, we harvested DNA from Neo-resistant clones and performed Southern blot analysis on 129S6/SvEvTac ES cell genomic DNA digested with EcoRV. We confirmed insertion of the targeting construct in 16 lines, including the representative clone shown in Figure 1B , and we then used 1 properly targeted clone to generate mice (ROSA26-DUX4 line). Heterozygous animals were backcrossed onto C57BL/6 and are currently at 11 generations. ROSA26-DUX4 mouse genotypes were confirmed via PCR (Supplemental Figure 1A , left; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.123538DS1). Single transgenic mice were healthy, fertile, and indistinguishable from littermates. When Cre recombinase was introduced into the system, the ROSA26 promoter drove DUX4 expression ( Figure 1A ). We attempted to cross the DUX4 transgenic mice with 3 different Cre recombinase-expressing lines. The first line, the HSA-Cre mouse model Tg(ACTA1-cre)79Jme/J, used a muscle-specific human skeletal actin (HSA) promoter to drive Cre expression. The resulting crosses did not produce any double-positive pups (Supplemental Figure 1B) . The second line, Tg(ACTA1-rtTA,tetO-cre)102Monk/J, utilized a tet-On system to control HSA promoter-driven Cre, which allowed for doxycycline-inducible Cre expression. These crosses yielded only 2 double-positive pups that died on day P0 (Supplemental Figure 1B) . The third line -Tg(ACTA1-cre/Esr1*)2Kesr/J, also called HSA-mER-Cre-mER or HSA-MCM, a Tam-inducible model -was ultimately used to establish . Adjacent to the NeoR cassette is 1 DUX4 ORF (exon 1) fused to a V5 epitope sequence, followed by introns (Int1, Int2) and 3′ UTR exons (Ex2 and Ex3) from the last repeat of DUX4 (labeled 3′ UTR/pLAM). Exon 3 derives from the chrom 4q pLAM region and contains the noncanonical 5′-ATTAAA-3′ polyA signal utilized by the last DUX4 copy in FSHD patients. When present, the floxed NeoR cassette inhibits DUX4 expression from the Rosa26 promoter. A bovine growth hormone polyA signal (BGH pA; 5′-AATAAA-3′) was included next to DUX4/pLAM. The HSA-mER-Cre-mER (HSA-MCM) mouse was previously published. HSA, human skeletal actin promoter with β-globin intron (βGlobin-int); mER, mutated estrogen receptor. Arrows indicate PCR primers used to detect WT Rosa26 and the knocked-in transgene in mouse genomic DNA. PCR products sizes are indicated. (B) Southern blot screening of 6 ES cell clones for pRosa26-DUX4 knock-in. DNA was digested with EcoRV and probed with the probe indicated in A. WT ROSA26 alleles produce an 11,517-bp EcoRV band, while correctly targeted clones produced a 4,084-bp band. (C) Configuration of 2 DUX4 transcripts detected in induced TIC-DUX4 mice via nested 3′ RACE RT-PCR. Thirty-five of 36 clones contained correctly spliced products, while 1 clone had a retained intron 1. All transcripts utilized the BGH polyA signal. (D) Western blot of DUX4 expression in TIC-DUX4 mouse tissue. H, high dose tamoxifen; L, low dose tamoxifen; -, untreated. Positive control (+ ctrl) is protein extracted from CMV. DUX4-transfected HEK293 cells. (E) Wfdc3 cDNA, a biomarker of DUX4 in mice, was significantly increased 1,395-and 1,438-fold in high (H) and low (L) Tam-induced TIC-DUX4 muscles compared with untreated (U, sunflower oil) or WT control littermates (-), respectively. Data are measured from qPCR assays (P < 0.01; 1-way ANOVA with Tukey's multiple comparison test). n = 4 for high Tam dose TIC-DUX4; n = 3 for all other groups.
the TIC-DUX4 double-transgenic line (28) . HSA-mER-CRE-mER expressed a modified Cre recombinase protein fused with mutated estrogen receptors (mER) that served to allow sequestration of the protein in the cytoplasm via binding to the HSP90 protein complex. Tam administration interfered with this sequestration and allowed Cre to translocate into the nucleus and excise the floxed NeoR cassette that prevented DUX4 expression ( Figure 1A ). The expected result was DUX4 expression only in skeletal muscle, when and where the HSA promoter was active. The hemizygous HSA-mER-CRE-mER to heterozygous ROSA26-DUX4 crosses yielded double-transgenic pups in Mendelian ratios and were indistinguishable from single-transgenic or WT littermate controls. We called the double-transgenic line TIC-DUX4. The TIC-DUX4 mouse genotype was confirmed via PCR ( Figure 1 and Supplemental Figure 1A) . WT alleles and DUX4 knock-in alleles produced 573 bp and 284 bp PCR products, respectively. In addition, PCR for the mER-CRE-mER fusion resulted in a 717 bp band when the Cre transgene was present (28) (Supplemental Figure 1A) .
TIC-DUX4 express full-length DUX4. To confirm that full-length DUX4 transcript was produced upon Tam administration and determine if there was a preference for the pLAM or the BGH polyA signals, we isolated induced TIC-DUX4 mouse RNA from skeletal muscle, converted to cDNA, and performed nested 3′ RACE. Sequencing of 3′ RACE products revealed that the canonical BGH polyA signal was preferentially utilized ( Figure 1C ). Consistent with a previous study, this indicated that the pLAM PAS was inefficient and that read-through occurred into the BGH PAS to stabilize the transcript (22) . Western blots confirmed that DUX4 full-length protein was present in induced skeletal muscles but not detected in uninduced muscle or in representative nonmuscle tissues (kidney or liver from induced mice) ( Figure 1D ). In addition, we used quantitative PCR (qPCR) to detect Wfdc3, a downstream target of DUX4 in mice, in a dose-responsive manner in induced TIC-DUX4 gastrocnemius (gas) muscle ( Figure 1E ). This demonstrated that DUX4 protein was functional as a transcription factor.
High-dose Tam-treated TIC-DUX4 mice show rapid onset of myopathic phenotypes. Two Tam administration routes were tested: Tam-laced chow and oral gavage. In addition, different doses were tested with each route (Table 1) . TIC-DUX4 mice fed Tam-laced chow showed severe histopathology and significantly reduced activity within 2-3 weeks (Supplemental Figure 2 , A-C). Muscle damage was evident in both upper-and lower-limb muscles. Degenerating fibers and immune cell infiltration colocalized with DUX4 expression (Supplemental Figure 2B) . However, some TIC-DUX4 mice and WT controls did not adjust to the Tam food. The variability in food consumption created inconsistent Tam doses and phenotypes in both TIC-DUX4 and control mice, leading to death in some Tam-chow fed WT and TIC-DUX4 animals or significant loss of body mass (>20%), requiring euthanasia in others before study end (Supplemental Figure 2 , D and E). These inconsistencies made Tam-laced chow a suboptimal method for DUX4 induction.
In contrast, the oral gavage method allowed more predictable control of Tam dose, which could be corrected according to body weight at each administration. We used 2 oral doses of Tam to turn on DUX4 expression in TIC-DUX4 mice: 150 mg/kg and 5 mg/kg. The 150 mg/kg (high) Tam dose resulted in an acute-onset muscular phenotype within 7-9 days after induction. Severe muscle degeneration and immune cell infiltrates were observed throughout skeletal muscles (Supplemental Figure 2F ). DUX4 expression was detected throughout the damaged muscle via immunofluorescence (Supplemental Figure 2G) . The mice had a slow, unsteady gait, accompanied by a significant reduction in overall activity and whole muscle absolute and specific force compared with uninduced TIC-DUX4 controls (Supplemental Figure 2 , H-K). High-dose Tam-treated TIC-DUX4 mice became nonambulatory 10 days after induction and required euthanasia per institutional endpoint criteria guidelines. The acute onset of the phenotype allowed for rapid DUX4 induction in muscle, but the large muscle lesions produced were inconsistent with progressive FSHD-like phenotypes and not useful for testing long-term treatments.
Tam dose deescalation produced less severe myopathic phenotypes in TIC-DUX4 mice. Importantly, reducing the Tam dose attenuated the muscle damage phenotype. Mice in the medium dose treatment group (5 mg/kg; 3×/week) developed an observable gait change within 3 weeks after induction. At 4 weeks (endpoint for this course of Tam), induced TIC-DUX4 mice showed histopathological damage throughout the tibialis anterior (TA), gastrocnemius (gas), quadriceps (quad), and triceps (tri) as compared with uninduced TIC-DUX4 and WT controls (Figure 2 and Supplemental Figure 4 ). Both male and female TIC-DUX4 mice showed significant increases in myofibers containing centralized nuclei and a shift toward small fiber diameters, indicating that muscles were damaged and underwent regeneration ( Tables 1 and 2 ). This course of Tam treatment also resulted in functional deficits. Significant reductions in total activity and rearing frequency indicated total body muscle weakness compared with uninduced TIC-DUX4 controls ( Figure 3A ). In addition, Tam-treated TIC-DUX4 TA muscles were significantly weaker ( Figure  3B ). Outcome measures in both activity and muscle strength appeared consistent between both sexes, although activity could vary greatly in the less-severe phenotypes ( Figure 3 ). At this 12-to 15-week-old time point, age-matched, uninduced TIC-DUX4 mice did not demonstrate any significant histological or functional muscle deficits when compared with age-matched WT littermates and showed no detectable DUX4 protein expression without Tam induction.
The clinical description of FSHD does not typically include respiratory insufficiency or diaphragm involvement, although such deficits are reported in some patients. We therefore analyzed DUX4 expression and pathology in diaphragms of TIC-DUX4 mice and controls. Interestingly, although all Tam-induced mice examined had diaphragm expression and nuclear localization of DUX4, we observed variable diaphragm pathology. Some diaphragms displayed DUX4 + lesions; however, most fibers appeared normal, despite having DUX4 + staining nuclei throughout the diaphragm ( Figure 4A , first and second rows). As with limb muscles, DUX4 was not detected in uninduced animals via immunofluorescence staining or Western blot ( Figure 1D and Figure 4A , third row). Of the 18 animals we examined, 61% (11) had normal to near-normal diaphragm histology (defined as less than 5% central nuclei and normal fiber diameter distribution) ( Figure 4 , B and C; Supplemental Figure 5 ; and Supplemental Tables 1 and 2 ). Five animals (2 males, 3 females) displayed diaphragm myofibers with >10% central nuclei, with 1 male having 28%. Absolute and specific force in induced male and female TIC-DUX4 mice did not significantly differ from uninduced TIC-DUX4 mice or age-matched WT littermates ( Figure 4D ). These data suggested that the diaphragms may have some higher tolerance to DUX4 expression.
Because FSHD is often slowly progressive, we next investigated if we could attenuate the muscle damage phenotypes even further and extend the amount of time we could study induced mice past 4 weeks. We began by treating another cohort of animals with a lower Tam dose (0.5 mg/kg, 3× per week for 5 weeks), but these animals showed no obvious histopathology (not shown) and had normal TA absolute and specific force when compared with controls ( Figure 3B ). In a second strategy, we continued to use the 5 mg/kg Tam dose but reduced the frequency of administration from 3× to once per week. Mice were treated with this Tam regimen for 1-4 months ( Figure 5A and Supplemental Figures 6 and 7) . At 1 month, Tam-induced TIC-DUX4 limb muscles showed mild, sporadic lesions, including some fibers with reduced eosin staining (suggesting degeneration) and rare central nuclei. These histopathological features were more evident at 2 months, with greater abundance of myofibers with central nuclei and the presence of immune infiltrations colocalized with DUX4 expression (Supplemental Figure 6 ). The severity in the phenotype increased dramatically at 3 and 4 months after induction, with many fibers having central nuclei and an observable increase in lesions present throughout the muscles ( Figure 5A ). Total activity and rearing behavior began decreasing by 1 month and were significantly reduced at the 2-month time point, followed by recovery to WT levels at the 3-and 4-month time points ( Figure 5B and Supplemental Figure 7 ). This recovery may reflect an accumulation of muscle damage up to 2 months followed by regeneration and repair. We did not determine if a second wave of DUX4-induced damage would occur with chronic Tam induction beyond the fourth month of treatment. We measured gas and Far left images show representative 10× muscle cryosections tiled to display an entire muscle in cross-section. Navy blue coloring was digitally added to each low-power image to easily visualize histopathology, including degenerating myofibers, regenerated myofibers containing central nuclei, and immune infiltration, which are features evident in the adjacent 20× images. The bottom higher-power images show immunofluorescence for DUX4 (V5 epitope, red) or nuclei (DAPI, blue). Widespread damage was present throughout induced TIC-DUX4 muscles. Increased percentage of myofibers with central nuclei and a shift toward smaller bore myofibers in induced TIC-DUX4 muscles support that muscles underwent degeneration and subsequent regeneration during this time course. Tamoxifen-induced TIC-DUX4 mice (TIC-DUX4 I) were significantly different from uninduced TIC-DUX4 (TIC-DUX4 U) and WT animals (2-way ANOVA with Tukey's multiple comparison test; P < 0.05 for TA and P < 0.01 for triceps). No significant sex differences were measured in induced TIC-DUX4 animals. TA muscle strength at the 2 month time point and found that absolute force was significantly reduced compared with uninduced TIC-DUX4 mice. Specific force was significantly reduced in the gas compared with uninduced TIC-DUX4 controls; however, the reduction in the TA was not significant when compared with uninduced TIC-DUX4 controls ( Figure 5, C and D) . Phenotypes in old, uninduced TIC-DUX4 mice. Uninduced animals showed no obvious functional deficits or detectable DUX4 expression in any prior experiment where animals were 12-25 weeks of age. However, we found that old uninduced mice (>1.5 years) had increased levels of central nuclei and sporadic spots of immune cell infiltration, which indicated that myofibers had undergone some degeneration and subsequent regeneration (Supplemental Figure 8, A-E) . In some cases, these histopathological lesions colocalized with sporadic DUX4 expression (Supplemental Figure 8, C and D) . Functional tests revealed that 1.5-year-old mice had normal activity and rearing levels compared with age-matched WT littermate controls (Supplemental Figure 8 , F and G). TA muscles of old, uninduced TIC-DUX4 mice were 33% smaller than those of age-matched WT controls, and these smaller muscles showed significantly reduced absolute force output when compared with 1.5-year-old, age-matched WT controls, but were no different from 4-mo old WT controls (Supplemental Figure 8 , H and I). There were no significant differences in body weight between 1.5-year-old TIC-DUX4 mice and WT controls (Supplemental Figure 8J ). When absolute force was normalized to muscle cross-sectional area (i.e., specific force), force production per mm 2 of muscle in uninduced, 1.5-year-old TIC-DUX4 mice was not significantly different from that of either WT control group (Supplemental Figure 8H) . We also measured activation of the DUX4-responsive murine gene, Wfdc3, in old TIC-DUX4 muscle and found a significant increase in relative expression compared with age-matched littermate controls. This supported that DUX4 expression did occur as the animals aged, although to a lesser exent than the Tam-treated TIC-DUX4 mice ( Figure 1E ).
AAV1.Follistatin increased muscle mass and absolute strength in induced TIC-DUX4 mice.
We next sought to demonstrate that the myopathic phenotypes caused by DUX4 expression in TIC-DUX4 mice were useful as therapeutic outcome measures. To do this, we tested a myostatin inhibition gene therapy approach, which relied upon AAV1 delivery of the Follistatin isoform FS344. This promising strategy has been shown to improve strength in preclinical models of muscular dystrophy and has proven safe in human clinical trials for Becker muscular dystrophy and inclusion body myositis (29) (30) (31) (32) (33) (34) . As AAV1.Follistatin has been shown to improve muscle mass and strength in WT and disease animal models, we hypothesized that it could achieve similar effects in TIC-DUX4 mice but would likely not mitigate the damaging effects of DUX4 on individual myofibers (30, 31, 34) . To test this, we i.m. injected adult TIC-DUX4 mice with 1 × 10 11 DNase particles of AAV1.Follistatin in the TA and gas muscles. Mice were treated with oral Tam 1 week later (5 mg/kg; 1× per week) for 8 weeks. We then measured TA and gas total force production and muscle weight. Because we performed localized i.m. injections and did not use a systemic delivery strategy, we did not measure rearing or total activity behavior. Compared with untreated TIC-DUX4 and C57BL/6 controls, induced TIC-DUX4 mice treated with Follistatin had significantly increased overall TA and gas size ( Figure 6 , A and C, and Supplemental Figure 9 , A and C). Muscle histology remained unchanged in Follistatin-treated, induced TIC-DUX4 mice compared with untreated, induced TIC-DUX4 mice. Specifically, regenerated and degenerating fibers were evident throughout both muscles in AAV1.Follistatin-injected TIC-DUX4 animals and were similar to untreated, induced TIC-DUX4 mice ( Figure 6B and Supplemental Figure 9B ). This histopathology suggested that AAV1. Follistatin did not impact DUX4 protein expression or prevent DUX4-associated muscle damage in this study. We then measured muscle strength in this cohort. TA and gas absolute force were significantly increased in follistatin-injected, Tam-induced TIC-DUX4 mice compared with untreated, Tam-induced TIC-DUX4 mice ( Figure 6D and Supplemental Figure 9D ). In both muscles, specific force was not significantly improved due to the larger cross-sectional area of the AAV1.Follistatin-treated muscles ( Figure  6E and Supplemental Figure 9E) . However, the gas specific force may show an intermediate phenotype, as it was not significantly different from the WT controls. Overall, these results supported that AAV1. Follistatin treatment could improve strength in DUX4-expressing muscles that would otherwise be weaker than controls and that this significant strengthening of treated muscles was likely due to muscle hypertrophy. These results suggested that myostatin inhibition may be an important treatment option for FSHD, even in the absence of DUX4-modulating therapies. The mean CN percentages were increased in TIC-DUX4 mice induced with tamoxifen (males, 8% mean CN with 0.8%-26.6% range; females, 6% mean CN with 0.3%-15.7% range), but values were not significantly different from controls (all uninduced TIC-DUX4 or WT controls groups showed <2.1% CN; 2-way ANOVA with Tukey's repeated measures test). Nevertheless, 5 tamoxifen-induced TIC-DUX4 animals showed elevated CN above 10%, topping out at 28% in 1 male. Males, n = 9 induced and uninduced TIC-DUX4 mice; 4 tamoxifen-treated WT littermates; 4 uninduced WT littermates. Females n = 9 induced and 10 uninduced TIC-DUX4 mice; 4 tamoxifen-treated WT littermates; 4 untreated WT littermates. (D) Diaphragm contractile force was normal in tamoxifen-induced TIC-DUX4 animals. Six-month-old mice were treated with 5 mg/kg tamoxifen 3× per week for 4 weeks. Plots show absolute force and specific force (absolute force normalized to muscle cross sectional area). n = 4 male and 4 female tamoxifen-induced TIC-DUX4 animals; 4 male and 4 female uninduced TIC-DUX4 animals; 3 tamoxifen-treated WT littermates; and 3 uninduced WT littermate muscles. No significant changes; 2-way ANOVA with Tukey's multiple comparisons test.
Discussion
Animal and cell model development has been a primary focus of the FSHD field and our laboratory since the DUX4 gene emerged more than a decade ago (35) . During the last decade or so, several DUX4-expressing models have also been reported (6, 9, (19) (20) (21) (22) (23) (24) (25) (26) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . One particularly important study that guided the design of our TIC-DUX4 mice was first reported as a scientific abstract in 2008 and published in 2014 (25, 43) . This work described a doxycycline-inducible DUX4 transgene knocked in to the Hprt locus on the mouse X-chromosome (iDUX [2.7] model). The authors reported animals with male-specific early lethality, absence of muscle phenotypes, and surviving X-inactivated female carriers with runted size and severe skin abnormalities. This important model demonstrated that even small amounts of DUX4 expression through Total activity and rearing behavior were measured in all mice throughout the study. Top graph shows total cage activity from tamoxifen-treated TIC-DUX4 mice and WT littermates mice, measured monthly for 3 months, where baseline represents a pretreatment data point. The bottom graph shows rearing frequency in the same cohort over the same time course. There was a significant and progressive decline in Tam-induced TIC-DUX4 mouse activity and rearing that reached significance at 1 and 2 months, compared with TIC-DUX4 baseline (2-way ANOVA repeated measures; P < 0.05). In contrast, activity and rearing behavior in WT animals was not significantly different across the time course. n = 7 animal per group. When comparing TIC-DUX4 with WT animals at each time point, there was a significant difference between the groups only at the 2 month time point, for both overall activity and rearing behavior (Tukey's post-hoc test; P < 0.01) (C and D) Low-dose Tam treatment caused significant absolute force deficits in the TA (P < 0.0001) and gas (P < 0.01) muscles and significantly decreased specific force in the gas (P < 0.05) compared with uninduced TIC-DUX4 mice. Test results were obtained with 1-way ANOVA using Tukey's multiple comparisons test. For TA absolute force: Induced TIC-DUX4 mice, 601. development could be harmful to mice and that tightly controlled DUX4 expression would be necessary to produce viable animals. Based on those crucial observations, around 2009, we began working to generate the TIC-DUX4 model. We cloned a targeting construct, performed in-house homologous recombination in ES cells, generated animals, and -in the second year of the project -discovered an inadvertent splicing 11 particles of AAV1.Follistatin. One week later, mice were treated with 5 mg/kg tamoxifen dosed 1×/week for 8 weeks. AAV1.Follistatin-injected TA muscles from tamoxifen-treated TIC-DUX4 were overtly larger than saline-injected TIC-DUX4 controls and WT muscles. Image magnification 4×. (B) H&E-stained cryosections show evidence of histopathology (myofibers with central nuclei) in tamoxifen-treated TIC-DUX4 TA muscles expressing follistatin and saline injected TIC-DUX4 controls. Tamoxifen-treated WT controls injected with saline appeared normal. Scale bar: 100μm. (C) Follistatin treatment significantly increased TA muscle weight compared with untreated controls (1-way ANOVA with Tukey's multiple comparisons test; P < 0.001). Mean TA muscle weights: Follistatin-treated, induced TIC-DUX4 mice, 81 mg; saline-treated induced TIC-DUX4 mice, 29 mg; uninduced TIC-DUX4 mice, 37 mg; age-matched WT, 50 mg. n = 14 AAV1.Follistatin-treated, tamoxifen-induced TIC-DUX4 muscles; 10 saline-treated, tamoxifen-induced TIC-DUX4 muscles; 12 uninduced TIC-DUX4 muscles; 9 untreated C57/BL6 controls. (D) TA absolute force was significantly increased in induced TIC-DUX4 mice treated with AAV1.Follistatin compared with induced, saline-treated TIC-DUX4 controls (1-way ANOVA with Tukey's multiple comparisons test; P < 0.0001). Mean TA absolute force: Follistatin-treated, induced TIC-DUX4 mice, 1,558 mN; saline-treated induced TIC-DUX4 mice, 601.3 mN; uninduced TIC-DUX4 mice, 1,349 mN; age-matched WT, 1,148 mN. (E) Specific force was determined by normalizing absolute force to muscle cross-sectional area. Follistatin treatment in induced TIC-DUX4 mice did not significantly improve specific force compared with all groups (1-way ANOVA with Tukey's multiple comparisons test). n = 6 AAV1.Follistatin-treated, tamoxifen-induced TIC-DUX4 muscles; 5 saline-treated, tamoxifen-induced TIC-DUX4 muscles; 7 uninduced TIC-DUX4 muscles; 8 untreated WT controls.
defect that rendered the DUX4 gene nontoxic (47) . This necessitated eliminating the first lines, repairing the targeting construct, rederiving new ES cells, and generating another set of animals, at which time we had to seek additional funding to support characterization. As noted, our initial attempts to generate mice with muscle-specific Cre-drivers were unsuccessful, supporting others' prior observations that tightly controlled DUX4 expression was required to produce the desired animals (Supplemental Figure 1) (22, 43, 44) . After many years, overall we believe we accomplished the goals of our study, as the ROSA26-DUX4 and TIC-DUX4 mice were reproductively viable, produced progeny in Mendelian ratios, showed no extramuscular deficits, and displayed significant Tam-and DUX4-dose dependent myopathic phenotypes.
At the histological and molecular levels, we observed Tam dose-dependent muscle damage in induced TIC-DUX4 mice that was associated with DUX4 expression. DUX4 was detectable at the genomic, transcript, and protein level. At the protein level, we had difficulty detecting DUX4 in Western blots, despite being tagged with a strongly immunogenic V5 epitope for which high-affinity antibodies were commercially available. Surprisingly, we required loading large amounts of total protein to detect relatively low DUX4 protein signals by Western blot, even with acute, high-dose (150 mg/kg) induction. At this point, we are uncertain why DUX4 protein expression was difficult to detect biochemically, but this phenomenon could be related to protein solubility problems and extraction methods may require additional optimization. In contrast, DUX4 protein was more readily visualized in induced muscle via V5 immunofluorescence. At lower Tam doses (5 mg/kg), we confirmed that DUX4 expression occurred in sporadic fibers that were actively degenerating. This sporadic nature was likely due to inefficient Cre-mediated excision of the inhibitory floxed-Neo cassette at lower Tam doses. Interestingly, this pathology correlated with the burst model of DUX4 expression in human patients, which suggested that bursts of high DUX4 expression occurred in rare fibers and caused those fibers to die rapidly and then undergo repair. It has been proposed that multiple damaging events eventually could lead to profound weakness in certain muscles over the course of many years in a human being with FSHD (10) . Progressive damage also occurred in our Tam-induced TIC-DUX4 mice, although not on the years-long time scale seen in humans, as mice only live 2 years. Instead, the speed at which damage took place correlated with the Tam dosing regimen. Interestingly, our activity data suggested that there may be some periodicity to this pathology in mice, as animals treated with the 5 mg/kg dose of Tam, 1× per week showed progressive activity deficits up to 2 months and then recovered by months 3 and 4. These data suggested that an accumulation of damaging events occurred that weakened the animals, but then subsequent repair events allowed for some recovery in these activity outcomes. This type of recovery is not typical of the disease course in FSHD patients, and we speculate that this could reflect a higher capacity for muscle regeneration and repair in the mouse. Additional studies need to be performed to determine if additional rounds of activity deficits are seen beyond 4 months and to explore possible mechanisms for this phenomenon.
It is likely that the Cre system utilized was the key to viability in our animals. This was underscored by the embryonic lethality we reported in the constitutive and doxycycline-Cre mice that we attempted to cross to the ROSA26-DUX4 mice (Supplemental Figure 1) . We did detect some evidence of leaky DUX4 expression in old, uninduced TIC-DUX4 mice. Our uninduced TIC-DUX4 mice never developed overt muscle weakness or activity phenotypes, but we did note an accumulation of histological DUX4-associated damage, smaller muscles, activation of the DUX4-associated biomarker Wfdc3, and decreased overall force output in some uninduced TIC-DUX4 muscles older than 1.5 years. This supported that the Neo cassette placed upstream of the DUX4 ORF largely prevented the expression of DUX4 protein and avoided most of the pathologies produced upon its induction with Tam but that some milder phenotypes could emerge with age. Taken together, these data demonstrate TIC-DUX4 mice could be induced to produce a spectrum of damage phenotypes that correlated with DUX4 expression and that some mild phenotypes could be produced in very old mice without Tam-induction.
Concern has been raised about the relevancy of expressing DUX4 in a mouse system because of possible species-specific divergences in downstream targets of the DUX4 transcription factor. Nonetheless, DUX4-mediated pathology is still the key driver in FSHD in humans and in our TIC-DUX4 line, as well as in other published models (22, 25, 35, 44) . Even if DUX4 downstream networks are incompletely conserved in the mouse, DUX4 still caused muscle cell death, immune infiltration, and muscle weakness in DUX4 mouse models. This supports that DUX4-expressing mouse models are important tools in preclinical therapeutic development studies. Toward this end, we used this mouse model to test whether myostatin inhibition via AAV-delivered Follistatin could improve muscle strength deficits in induced TIC-DUX4 muscles. This strategy would not directly target DUX4, as we have previously described using RNA interference (RNAi) (48, 49 ), but we hypothesized that increasing muscle force output through myostatin inhibition could help counteract the weakness caused by DUX4 damage.
Myostatin is an endogenous inhibitor of muscle growth that is highly conserved between rodents and humans. This conservation suggested that myostatin inhibition strategies tested in rodents could translate to humans. Indeed, myostatin inhibition using gene therapy and non-gene therapy approaches has been successfully tested in several preclinical animal models of muscle disease, and these data were used to support several human clinical trials. Two published clinical studies supported by Wyeth (MYO-029) and Acceleron (ACE-031) utilized recombinant antibodies or ligand trap proteins, respectively, to prevent myostatin from binding its endogenous receptors when delivered to patients (50, 51) . Both trials were initiated as placebo-controlled, double-blind, dose-escalation studies with safety as the primary endpoint. In both cases, trials were designed to deliver the products through multiple injections every 2-4 weeks for several months. In the Wyeth study, MYO-029 was reported to be well-tolerated and generally safe, but the authors reported that 12 patients in the highdose cohorts developed skin rash or hives, necessitating suspension of the highest-dose cohort. No significant improvements in muscle strength or function were found, although the study was not powered for efficacy. Similarly, no significant functional improvements and no serious adverse events were reported in the Acceleron trial, although the study was halted due to safety concerns related to the vasculature (nosebleeds and telangiectasias). Although both products were halted for further development, Acceleron is currently developing a next-generation molecule (ACE-083) that is currently being delivered to FSHD patients in a Phase II clinical trial.
In this study, we chose to test a preclinical gene therapy approach to inhibit myostatin with AAV-delivered follistatin in our TIC-DUX4 mice. AAV1.Follistatin was an attractive option for several reasons. First, AAV1. Follistatin has been proven safe in Phase I/IIa human clinical trials for patients with Becker muscular dystrophy and inclusion body myositis (29, 32) . Second, Follistatin may contribute to improving muscle strength through several mechanisms and may therefore have a greater role in muscle regulation than solely inhibiting myostatin (52) (53) (54) . Indeed, when Follistatin was genetically overexpressed, muscle size increased more when compared with myostatin-null mouse models (33) . Third, a single dose of AAV-delivered Follistatin could express in muscle cells for years, thereby offering a potential one-time muscle-strengthening treatment, as opposed to nongene therapy methods that must be injected repeatedly and indefinitely to achieve functional improvements. Moreover, since Follistatin is a secreted protein, Follistatin gene therapy could offer benefit to even untransduced muscles. Finally, potential off-target effects of Follistatin can be mitigated by expressing an isoform of Follistatin (FS344; used here) that does not bind to cells in the reproductive system.
In our study, TIC-DUX4 animals treated with a single i.m. dose of AAV1.Follistatin to lower leg muscles had increased muscle size and, importantly, showed significant increases in total muscle force. This benefit was seen in the presence of DUX4 induction and is therefore a relevant test of AAV1.Follistatin treatment in FSHD disease where DUX4-modulating therapies are not yet available. In the next steps of this study, it will be important to test the ability of systemically delivered AAV1.Follistatin to mitigate activity and rearing outcomes in whole mice, in addition to the isolated muscle strength outcomes we reported here. It will also be interesting to test the impact of combining AAV1.Follistatin treatment with DUX4-inhibitory strategies, which could work to both suppress DUX4-associated damage and improve muscle mass and strength. In conclusion, this proof-of-principle study provided encouraging evidence that DUX4 expressing muscle can be treated with AAV-delivered myostatin inhibition approaches to improve muscle function. We conclude that TIC-DUX4 mice are a relevant model to study DUX4 pathogenicity and disease progression. Moreover, the TIC-DUX4 mouse develops numerous molecular, histological, and functional outcomes that can be used as powerful tools to test gene therapies and other therapeutic strategies for FSHD.
Methods
Rosa26-DUX4 targeting construct generation. The DUX4 ORF was PCR amplified with primers containing EcoRV sites (Forward primer, 5′-CACCGCTAGCCCACCATGGCCCTCCCGACAC-3′, and reverse primer, 5′-AAGATATCATAAAGTGTAAAGCCTGGGCCACTATAGGGCGAATTGGG-3′) gel purified, inserted into the blunt cloning vector pENTR-TOPO (Invitrogen) and transformed into TOP10 competent cells (Invitrogen). The 3′ UTR pLAM region was PCR amplified with forward primer 5′-CGTACGCGTAC-GGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGACGCGGGGTTGGGACGGGG-3′ and reverse primer 5′-CGTACGCGTACGCATAAAGTGTAAAGCCTGGGGAAGTTCCTATACTTTCTA-GAGAATAGGAACTTCTATAGGATCCACAGGGAGGG-3′.
Both primers added FRT sites and BsiWI restriction enzyme sites at the 5′ and 3′ end of the PCR product. This product was cut with BsiWI and ligated with pENTR-DUX4.V5 digested with Acc65I; it was then transformed into TOP10 competent cells. pENTR-DUX4.V5.FRT.pLAM was verified by BamHI digestion. The original V5 peptide tag was mutated to prevent mis-splicing of the V5 and DUX4 stop codon via recombinant PCR, as previously described and ligated into pENTR-DUX4.V5.FRT.pLAM (47) .
pROSA26-DEST plasmid was grown in DB33.1 cells at 30°C and isolated via Qiagen Miniprep kit. pENTR-DUX4.V5.pLAM and pROSA26-DEST plasmids were recombined in the Gateway LR system according to manufacturer's protocol specifications and transformed into One-Shot Stbl3 (Invitrogen) cells, grown at 30°C. This resulted in a final pROSA26-DUX4 plasmid construct that was confirmed by BamHI digestion and KpnI/NcoI double-restriction digestion and DNA sequencing.
Rosa26-DUX4 knock-in mouse generation. The targeting construct was electroporated into TC1 ES cells (129S6/SvEvTac) with a Gene Pulser II apparatus (Bio-Rad). A total of 288 G418-resistant clones were selected. DNA was extracted from each clone, digested with EcoRV, and used to perform Southern blot screening. The Southern probe sequence was: (5′-TCTTCTCAGCTACCTTTACACACCATTGCACCGCTCTTG-CCCAGAGAGAAAGGCTCTCCTTCATCTAGTCGACCCCACTACCTTTTTAATGTCTTC-CCTGGGTCAGGACTCTTCCCCTCCCCCTACTCTGGTCTCCCCTTTTTGCCTGGGTATTG-CCTACTCCACGTTTATACCCTTTTCAGGAGAGGCCTCCCAACCCTGCTCTCAAAATACACAT-ACTTTTTTTTCTGTCCCTGAGCCCCCCACCTCCCCTGTTCTTGCGGCCTTGTGACAACTCT-GGTCGCTCGTGGGGGCCCAGTCCTCCCCTCCATAATCTTCCTGAACGCCTCTCCTCTG-GTTTTCCAGTTCCTATCTCAGATGGCTGCTGCTTTTCCCACACCAAAGACATTACCTTCG-CCACCCCCACCTCACATTCTTGGACTCCCTGTGGCGTATGCCCCAGTATCCTT-3′).
Sixteen correctly targeted clones were identified, and 1 clone (A1) was used to generate knock-in mice. Chimera production included 3-week-old albino C57BL/6J-Tyr c-2J females, which were superovulated by administering 5 international units (IU) pregnant mare serum gonadotropin (PMSG) i.p., followed by 5 IU human chorionic gonadotropin (HCG), 48 hours after PMSG. The mice were then mated with albino C57BL/6 males, and blastocysts were harvested from pregnant females at 3.5 days post-coitus (d.p.c.). To generate chimeras, 5-10 ES cells from 1 correctly targeted clone were injected into the albino C57BL/6 blastocysts, which were subsequently transferred into the uterus of 2.5 d.p.c. pseudopregnant ICR strain females. Chimeric males recognized by the presence of black pigmented coat color were then bred with C57BL/6 females. Their pups were then screened for the presence of the insertion by PCR, and positive males and females were then bred with C57BL/6 mice to establish a hemizygous colony.
Generation of TIC-DUX4 mouse and genotyping of mouse lines. Heterozygous Rosa26-DUX4 mice were crossed with heterozygous HSA-Cre mice Tg(ACTA1-Cre)79Jme/J (stock no. 006149)), doxycycline inducible HSA-Cre mice (ACTA1-rtTA,tetO-Cre)102Monk/J (stock no. 012433), or HSA-mER-CRE-mER mice Tg(ACTA1-Cre/Esr1*)2Kesr/J (stock no. 025750) obtained from the Jackson Laboratory. Only HSA-mER-CRE-mER mice crossed with DUX4 mice produced healthy pups, and this line combined with Rosa26-DUX4 animals yielded the TIC-DUX4 strain. The ROSA26-DUX4 mice are available at The Jackson Laboratory (stock no. 032779). The HSA-mER-CRE-mER Tg(ACTA1-Cre/Esr1*)2Kesr/J line utilizes the HSA promoter to drive expression of Cre recombinase attached to modified estrogen receptors. To determine mouse genotypes, genomic DNA was extracted in 75 μl of 50 mM NaOH solution for 1 hour and neutralized with 33 μl of 1 M Tris, pH 7.6. The HSA-mER-CRE-mER mouse line was genotyped via PCR as previously described with forward primer 5′-GCATGGTGGAGATCTTTGA-3′ and reverse primer 5′-GCTTCT-GTCCG TTTGCCGGTCG-3′ (28) .
The DUX4 gene was detected using 3 primers so that homozygous and heterozygous genotypes could be distinguished. A common forward primer, 5′-AGCTGCAGTGGAGTAGGCG-3′, was used with a WT binding reverse primer, 5′-GGAGCGGGAGAAATGGATATG-3′, and DUX4 knock-in reverse primer, 5′-GCGAAGAGTTTGTCCTCAAC-3′. PCR conditions were 94°C for 5 minutes, followed by 34 cycles of (94°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds), with a final extension of 72°C for 10 minutes. PCR from heterozygous mouse DNA resulted in one 600-bp amplified band from the WT allele and one 300-bp band from the DUX4 knock-in allele.
Tam dosing. To induce Cre recombinase, mice were treated with Tam (MilliporeSigma) (via 2 delivery routes. One route included Tam chow. Adult mice (6-8 weeks) were fed Tam-laced chow (250 mg/kg diet) (Envigo Teklad Diets) ad libitum until sacrificed at 2 weeks after induction. The final approximate dose was 40 mg/kg/day, assuming a 3-4 g food intake for a 25 g mouse daily. The second route included oral gavage. Tam was dissolved in 95% ethanol at 10% final volume and then diluted in sunflower seed oil to 15 mg/ml concentration. The 150 mg/kg dose was given to adult mice (6 weeks to 1 year), which received two 150 mg/kg Tam doses on day 0 and day 2 and were sacrificed 7-10 days after induction. The 5 mg/ kg dose involved Tam being further diluted in sunflower oil to a 5 mg/ml concentration. Mice were given 5 mg/kg Tam doses 1-3 days per week until sacrificed at 4-16 weeks after induction.
3′RACE PCR sequencing of DUX4 transcript. RNA was extracted with Trizol according to manufacturers' conditions, except that the chloroform extraction and ethanol washes were repeated for a total of 2 times. cDNA was generated using SuperScript IV First-Strand Synthesis System (Invitrogen) using an oligo d(T) reverse primer containing an adaptor for the endogenous DUX4 poly-A signal 5′-GAATCGAGCAC-CAGTTACGCATGCCGAGGTCGACTTCCTAGATTTTTTTTTTTTTTTTTTT-3′.
For reverse transcription, 2 μg of RNA was treated with dsDNase (Thermo Fisher Scientific) according to manufacturer's specifications. RNA was then incubated with reverse primers listed above at 2.7-μm final concentration at 80°C for 2 minutes, followed by 95°C for 2 minutes. Then 5× reverse transcription (RT) buffer, Superscript IV RT, and RNase inhibitor were added to reactions and incubated at 55°C for 15 minutes, 60°C for 15 minutes, and 65°C for 60 minutes. Reactions were then treated with 1 μl of RNase H at 37°C for 15 minutes. Then, cDNA was used in nested PCR performed with a first round of the following PCR primers: forward primer: 5′ primer Dux4-F_Ex1(Nested1) CTCAGCGAGGAAGAATACC and 5′ reverse primer: Adapter-Nested1 GAATCGAGCACCAGTTACGCATG a second round of PCR was performed with forwards primer: forward primer, 5′-CTCAGCGAGGAAGAATACC-3′, and reverse primer, 5′-GAATCGAGCACCAGTTACGCATG-3′. A second round of PCR was performed with forward primer 5′-GAG GAA GAA TAC CGG GCT CTG-3′ and reverse primer, 5′-GAGCACCAGTTACGCATGCC-3′. Final PCR products were inserted into TOPO Blunt and confirmed with sequencing.
qPCR. RNA and cDNA was processed as described above. qPCR was performed using mouse Wfdc3 Taqman primer/probes (Mm01243777_m1) according to manufacturer's protocol (Thermo Fisher Scientific). Taqman Rpl13 primer/probe (Mm02526700_g1) was used to amplify a reference gene for qPCR.
Western blotting. Muscle and organ tissue was harvested from animals at endpoints and was ground and lysed in T-PER Tissue Protein Extraction Reagent containing Pierce Protease Inhibitor Mini Tablets (Thermo Fisher Scientific). Total protein was quantified using the DC Protein Assay (Bio-Rad), and 200 μg was separated by electrophoresis through a 12% SDS-polyacrylamide gel with 5% stacking gel. Protein was then transferred to nitrocellulose. Membranes were blocked in 5% milk for 1 hour at room temperature. Protein was visualized using anti-V5-HRP antibody (Invitrogen, R961-25) (1:5,000 dilution) incubated at 4°C overnight. Membranes were washed 3× for 15 minutes in 0.1% tween in TBST and then incubated with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). Loading controls were separated by electrophoresis through a 4-12% SDS-polyacrylamide gel (Mini Protean TGX gel, Bio-Rad) and stained with BlueFast staining dye (Eton Bioscience) according to manufacturer's protocol.
Histological analysis. Skeletal muscles were dissected from mice at indicated times after induction for histological analysis. Muscles were then frozen in Tissue Tek OCT Compound in liquid-nitrogen cooled isopentane (Takura). Fresh frozen cryosections (10 μm) were generated and H&E stained as previously described (48) . Fiber diameter and central nuclei quantifications were determined from muscles (n = 5 muscles per group in C57BL/6 mice and 9 muscles per group in TIC-DUX4 mice; 4 representative ×20 photomicrographs per section), using cellSens Standard Software (Olympus). Fiber size diameter histograms represented percentage of total fibers analyzed. Male TA, n = 11,218 induced TIC-DX4 fibers; 9,457 uninduced TIC-DUX4 fibers; 3,309 Tam-treated WT fibers; and 3,415 untreated WT fibers. Female TA, n = 10,942 induced TIC-DUX4 fibers; 11,300 uninduced TIC-DUX4 fibers; 4,132 Tam-treated WT fibers; 3,435 untreated WT fibers. Male gas, n = 11,114 induced TIC-DX4 fibers; 8,962 uninduced TIC-DUX4 fibers; 3,886 Tam-treated WT fibers; and 3,785 untreated WT fibers. IHC. Gene expression and subcellular localization of DUX4 protein was visualized using V5 immunofluorescence. In short, freshly cut slides were washed for 1 minute with PBS, fixed with 4% PFA for 10 minutes, washed twice for 5 minutes with PBS and twice for 5 minutes TBST (0.1% tween), and incubated with V5 antibody (1:1,000; Abcam, catalog AB9116) in 10% natural goat serum PBS (Abcam, 9116) overnight at 4°C. Slides were then washed 3× for 5 minutes with TBST and incubated with AlexaFlor 594 goat anti-rabbit secondary antibody (Invitrogen, catalog A-11037) at 1:1,000 in PBS for 2 hours at room temperature. Finally, slides were washed 3× 5 minutes with TBST and 1× 5 minutes with H 2 O and cover slipped with Vectashield Mounting Medium containing DAPI (Vector Laboratories).
AAV1.Follistatin i.m. injections. Seven-to 8-week-old TIC-DUX4 mice received 1 × 10 11 DNase resistant particles (DRP) of AAV1 unilaterally via direct 40-50 μl i.m. injection into TA and gas muscles. Mice were treated with either AAV1.Follistatin or saline control. One week after injection, mice were induced for 8 weeks with 5 mg/kg 1×/week and then sacrificed 8.5 weeks after the first Tam induction.
Tam dosing. To induce Cre recombination and turn on DUX4, mice were treated with Tam via oral gavage. Tam (MilliporeSigma) was dissolved in 95% ethanol at 10% final volume and then diluted in sunflower seed oil to 15 mg/ml concentration. Tam was further diluted in sunflower oil to 0.5 mg/ml concentration. Mice were given 5 mg/kg Tam doses 1 day per week for 8 weeks.
TA and gas muscle physiology measurements. Mice were anesthetized with 137.5 mg/kg ketamine/10 mg/ kg xylazine. Hind limb skin was removed to expose the TA and gas muscles, and the patella. A double square knot was tied around the distal TA tendon or Achilles tendon with a 4-0 suture at the myotendinous junction, and then the tendon was cut. The exposed muscle was constantly dampened with saline. Mice were then transferred to a thermal controlled platform and maintained at 37°C. The knee was secured to the platform with a needle through the patella tendon; the distal tendon was sutured to the level arm of the force transducer (Aurora Scientific); and the foot was secured with tape. The TA/gas muscle contractions were elicited by stimulating the sciatic nerve via bipolar platinum electrodes. Once the muscle was stabilized, the optimal length was determined by incrementally stretching the muscle until the maximum twitch force was achieved. After a 3-minute rest period, the muscle was stimulated at 50, 100, 150, and 200 Hz, allowing a 1-minute rest period between each stimulus to determine maximum tetanic force. Muscle length was measured. The mice were then euthanized, and the TA/gas muscle was removed, weighed, and frozen for analysis. Specific force was calculated by dividing the maximum tetanic force by the TA muscle cross-sectional area.
Diaphragm tetanic contraction force measurement. Diaphragm force measurements were conducted as previously described (55) . In short, mice were euthanized, and the diaphragm was dissected with rib attachments and central tendon intact and placed in Krebs-Henseleit (K-H). A 2-to 4-mm-wide section of diaphragm was isolated. Using braided surgical silk (6/0, Surgical Specialties), diaphragm strips were tied at the central tendon and sutured through a portion of rib bone attached to the distal end. Each muscle was transferred to a water bath filled with oxygenated K-H solution (MilliporeSigma) that was maintained at 37°C. The muscles were aligned horizontally and tied directly between a fixed pin and a dual-mode force transducer servomotor (305C, Aurora Scientific). Two platinum plate electrodes were positioned in the organ bath to flank the length of the muscle. The muscle was stretched to optimal length for measurement of twitch contractions and then allowed to rest for 10 minutes before initiation of the tetanic protocol. When the muscle was stabilized, the muscle was set to an optimal tension of 1 g and subjected to a warm-up that consisted of three 1-Hz twitches every 30 seconds, followed by three 150-Hz twitches every minute. The diaphragm was allowed to rest for 3 minutes. Then, the diaphragm was stimulated at 20, 50, 80, 120, 150, and 180 Hz for 250 ms each to determine maximum tetanic force. Each stimulation was followed by a 2-minute rest period. Muscle length and weight were measured. The absolute force was normalized for muscle weight and length to calculate specific force.
Open field cage activity. An open field activity chamber was used to measure total activity as previously described (55) . In short, 8-week-to 1.5-year-old mice were analyzed using the photobeam activity system (San Diego Instruments). These studies included both induced and uninduced TIC-DUX4 mice, along with WT littermates. The grid of infrared beams measured the position and activity of each mouse in an x-y-z plane. Each mouse activity was recorded 3× per week for 1-hour sessions in 5 min intervals. Mice were acclimated to the chamber 5 minutes before each session began. Data were exported to Excel and the x-and y-plane data were added to calculate total activity. The z-plane data was used to calculate rearing activity. The average of the 3 sessions was used for each mouse. The overall average was calculated in
